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Research on a Time-Variant Shoot-Through Modulation Strategy for
Quasi-Z-Source Inverter

Yufei Zhou

Abstract—This letter proposes a time-variant shoot-through
pulsewidth modulation strategy for the traditional modulation
techniques used in quasi-Z-source inverters. By introducing the
proposed strategy into the traditional modulation techniques, like
the simple boost modulation, the bus voltage amplitude can be re-
duced at the nonpeak areas, and the switching loss can be greatly
saved to improve system efficiency. Because the output voltage gain
can still be guaranteed, the waveform quality is not influenced. At
the same time, for the traditional zero states in the proposed strat-
egy are fully used as the shoot-through zero states, the switching
times can be evidently reduced and the system efficiency can be
further increased. Theoretical analysis and experimental results
are presented to verify the real performance.

Index Terms—Efficiency, pulsewidth modulation (PWM), quasi-
z-source inverter (qZSI), shoot-through zero state.

I. INTRODUCTION

ENEWABLE energy resources such as solar and wind en-
R ergy often experience large output voltage change, due to
the fluctuation of the surrounding environment conditions [1].
This brings a great challenge to the inverter topology and con-
trol. Instead of the traditional buck-type voltage-source inverter
(VSD) [2], [3], a two-stage circuit structure with a boost dc—dc
converter added in front of the three-phase inverter bridge is
usually adopted [4], [S]. When the input voltage is at a low
level, the dc—dc converter can boost it to the required value and
make the design and control of the down-stream inverter much
easier. However, the two-stage solution has some inherent draw-
backs. The dc—dc stage has serious reverse-recovery problem,
especially under large duty cycle operation condition that dete-
riorates system efficiency. Moreover, the VSI bridge has shoot-
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Fig. 1. Quasi-ZSIL

through issue and needs dead time inserted between the drive
signals of the switches on the same leg to avoid bridge shooting
through. Dead time greatly improves system reliability but also
causes waveform distortion of the output voltage [6]-[8], and
still cannot totally eliminate bridge shoot-through especially
under strong electromagnetic interference environment.

Z-source inverter (ZSI) [9] and quasi-ZSIs (qZSIs) [10] have
been widely studied in recent years. They introduce a simple
impedance network without active switches in front of the in-
verter bridge, and use bridge shooting through as a control
variable to regulate magnitude of the dc-bus voltage, and then
transfer energy to the load during active states. The qZSIs are
proposed to improve the performance of ZSI and have simi-
lar operation principle and control strategy. One typical circuit
configuration of qZSI is shown in Fig. 1.

The PWM technique applied has great impact on the perfor-
mance of qZSIs. Several modulation techniques can be found
in literatures with different characteristics and performance [9],
[11]-[15].The simple boost PWM (SB PWM) proposed in [9]
is simple and features with small current stress of switching
devices. The main drawback of this method is its limitation
on the shoot-through duty cycle. The six-section-distribution
PWM method proposed in [9] divides the shoot-through time
intervals into six sections in one switching cycle and distribut-
ing them into the traditional zero state without causing extra
switching times. The maximum boost PWM proposed in [11]
fully utilizes the traditional zero state as shoot-through zero
state and greatly reduces the bus voltage. But it results in low
frequency current ripple. The maximum constant boost PWM
is proposed in [12]. Compared with the SB PWM, the bus volt-
age is lower and remains constant when the output voltage gain
is the same. A hybrid switching method by combining PWM
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with pulse amplitude modulation is proposed in [13]. It oper-
ates the switching devices in fundamental frequency, and is only
applicable to single-phase qZSI system. In [14], a strategy that
replaces the triangular wave carrier in PWM with the sine wave
carrier is proposed. Higher boost capability can be obtained
and the output voltage total harmonic distortion (THD) can be
reduced. A double switching frequency PWM that utilizes high-
frequency PWM with low-frequency SPWM is proposed in [15].
The converter can be designed more compact and operate with
lower switching loss. The single-phase PWM method proposed
in [16] and the pulsewidth-amplitude modulation proposed in
[17] reduce the switching frequency compared to traditional
three-phase PWM method, leading to less switching loss. These
shoot-through PWM techniques try to improve system perfor-
mance, but still have limitations.

This letter proposes a time-variant shoot-through PWM
(TVST PWM) strategy for qZSI, which can improve the per-
formance of the traditional modulation techniques. The shoot
through duty cycle of the proposed modulation method changes
as the output ac voltage changes across the whole cycle, and
reaches its maximum value only at the peak of the ac output
voltage. In this way, the shoot-through duty cycle at the non-
peak areas can be reduced, leading to smaller switching loss of
the inverter bridge and increasing system efficiency. Because
the voltage gain can be guaranteed across the whole output ac
cycle, the waveform quality will not be influenced. Furthermore,
the modulation index and the shoot through duty cycle can be
adjusted properly and then some traditional zero states can be
fully utilized as shoot through zero states that helps to reduce
switching times, leading to further increased system efficiency.
For simplicity, this letter only analyzes the TVST PWM strategy
based on the SB PWM technique [9].

II. PROPOSED TVST PWM FOR QZSI
A. Principle of qZSI

Fig. 1 shows the discussed qZSI in which inductors L; and
L, capacitors C and C, and diode D, construct an impedance
network. By inserting shoot-through into the drive signals, the
input voltage Vi, can be stepped up to the desired dc-bus voltage
Vie- The dc-bus voltage can be expressed as

1

Vie = ————
= 79D,

Vin (D
where Dy is the shoot-through duty cycle.

The relationship between the instantaneous output three-
phase voltage and the dc-bus voltage can be derived from [18],
and can be expressed as

My

Va = ‘/;lc P
o,

vy, = Vae 5> 2
Me

Ve = V:ic QL

where m, , my,, m. are the instantaneous modulation index. The
waveforms of v,, vy, v, are shown in Fig. 2.

As can be seen from (2), the output voltage can be adjusted by
the dc-bus voltage and the instantaneous modulation index. The
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Fig. 2. Waveforms of the three-phase output voltage.

three-phase instantaneous modulation index can be expressed as

mg = M sin 0
my = M sin (6 — 2F (3)
m. = M sin 9—|—%”

where M is the modulation index.

B. Mechanism of TVST PWM

The traditional shoot-through modulation techniques, such
as the SB PWM, insert a constant shoot-through zero state into
the traditional zero state to step up the dc-bus voltage to a
constant value, which can satisfy the peak gain requirement of
the three-phase output sinusoidal voltage. Take the SB PWM
technique as an example, which is shown in Fig. 3(a), the con-
stant shoot-through duty cycle D is obtained by comparing the
shoot-through references V,, = 1 - Dj and V,, = D, — 1 to the
triangular carrier. Because of the constant shoot-through duty
cycle Dy, the magnitude of the dc-bus voltage Vy, is also con-
stant. The relationship between the magnitude of the output ac
voltage and the dc-bus voltage is Vo = (M/2)Vg, and also
according to M + Dy = 1 [19], we can get

Vie = (2G — 1) Vi, )

where the output voltage gain G = 2V,,,/Vi,. From (4), the dc-
bus voltage is determined by the input voltage and the output
voltage gain. The relationship between the three-phase output
voltage and the dc-bus voltage meets (2).

The inserting of the shoot-through zero state increases not
only switching times of the inverter bridge, but also the magni-
tude of the dc-bus voltage, leading to additional switching loss
and lower efficiency. Therefore, less or even no shoot-through
zero state is preferred under low output voltage gain conditions.
As indicated from Fig. 2, the shoot-through duty cycle under the
nonpeak areas of the output phase voltage can be decreased to
reduce the magnitude of the dc-bus voltage, on the precondition
of satisfying the instantaneous output voltage gain.

The TVST PWM based on the SB PWM technique is shown
in Fig. 3(b). The output sinusoidal cycle is divided into six
sections equally. In each section, only one phase of the output
voltage has the currently biggest absolute voltage value. Take
section (0, 7/3) as an example, phase B has the biggest absolute
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Fig. 4. Function curve of the shoot-through duty cycle in section (0, 7/3).

voltage value, which can be expressed as

vy (0) = Vosin (9 — 2%) . 5)

According to M + Dy = 1, (1), and (2), the shoot-through
duty cycle of section (0, 7/3) can be obtained as

(6)

- Gsin (6 — 2F) +1
do (6) = 2Gsin( —QZT”)—FI'

According to (6), the function curve of the shoot-through duty
cycle dy (0) in section (0, 7/3) is shown in Fig. 4. In this section,
the maximum shoot-through duty cycle dy_p,.x equals to (G —
1)/(2G — 1) at the peak of phase B voltage with § = ¢,. Mean-
while, the minimum shoot-through duty cycle dy_i, equals to
(v/3G — 2)/(2+/3G — 2) at = 0 or § = 5. It can be seen that
the shoot-through zero state at the nonpeak areas of the output
voltage is decreased, which improved the corresponding instan-
taneous modulation index. The desired shoot-through duty cycle
of the other five sections can also be derived, as shown in Table I.
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By substituting (6) into (1), the dc-bus voltage of section (0,
m/3) can be expressed as

Vi _ . 2m :
0= iy~ (o (0= 5) 1) e
N

The dc-bus voltage of the other five sections can also be
derived, as shown in Table 1. The envelope line of the dc-
bus voltage fluctuates with ripples of six times of the output
frequency, as shown in Fig. 3(b). According to (1) and (2),
the instantaneous modulation index of the output three-phase
voltage can be derived as

mg (0) = G (1 — 2dp) sin ()
my (0) = G (1 — 2dy) sin EH - %”g .
me () = G (1 — 2dy) sin (6 + Z*

®)

The function curves are shown in Fig. 3(b). The instantaneous
modulation index of the other five sections can also be derived,
as shown in Table I. The characteristics of the TVST PWM can
be summarized as follows.

1) Compared to the SBPWM, the instantaneous voltage gain
at the nonpeak areas of the output ac voltage can be re-
duced by using smaller shoot-through zero states inserted,
and the dc-bus voltage amplitude can be lowered accord-
ingly, leading to smaller switching loss and higher system
efficiency.

2) To reduce the shoot through duty cycle and increase the
instantaneous modulation index to the most when provid-
ing enough voltage gain, the maximum limit between the
shoot-through duty cycle and the instantaneous modula-
tion index can be taken, which is dy + m = 1. In this way,
the shoot through reference V, = 1 —dyand V, = dy — 1
coincide with the curve of the modulation index for the
phase voltage with maximum instantaneous value. And
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TABLE I
DC-BUS VOLTAGE, SHOOT-THROUGH DUTY CYCLE AND INSTANTANEOUS MODULATION INDEX IN DIFFERENT SECTIONS OF THE OUTPUT SINUSOIDAL CYCLE

0 Maximum output DC-bus voltage do (6) mq (6) mp(6) me(0)
phase voltage
. 2T . 27 . 27
. . 9n G'sin (9 — ?> +1 —Gsin(0) —(G'sin (9 — ?) —Gsin (9 —+ ?)
0~ 3 v 2Gsin | 6 — 5 )| 1) Vig o o o o
2G'sin (9 — ?) + 12Gsin (9 — ?> + 12Gsin (9 — ?) + 12Gsin (0 — ?> +1
. 27 . 27
T2 " (|2Gsin(6)] — 1)V2 Gsin(0) — 1 Gsin(0) Gsin (9 B ?) Gsin (0 + ?)
3 3 “ 2Gsin(f) — 1 2Gsin(f) — 1 2Gsin(f) — 1 2Gsin(f) — 1
Gsin (04 25) +1 Gsin (09— 2% Gsin (04 2
o . o sin + 3 + _Gsin(6) —Gsin -3 —G'sin 3
5T Ve 2Gsin(0 + ?) — 1) Vin o o 5 o
2G'sin (0 + ?) + 12Gsin (9 + ?) + 12Gsin (9 + ?> + 12Gsin (6’ + ?> +1
. 27 . 27 . 27
. . 9n G'sin (0 — ?) -1 Gsin(6) G'sin (9 — ?) G'sin (9 + ?)
™~ 3 vy 2Gsin (6 — il 1) Viu o o 5 5
2G'sin (6’ — —) —12Gsin (9 — —) —12Gsin (9 — —) — 1 2Gsin (6 — —) —1
3 3 32 32
. T . T
SR TIPS U] G il G
3 3 ¢ 2Gsin(0) + 1 2Gsin(0) + 1 2Gsin () + 1 2Gsin(0) + 1
2 2m 27
G'sin (9 + —) -1 . G'sin (9 — —) G'sin (9 + —)
5T ~ 21 Ve (‘QGsin <(} + 2_7T) ‘ _ 1) Vi 3 Gsin(0) 3 3
3 3 . (
2G'sin

0+

2%) ~12Gsin (9 + %’T) ~12Gsin (9 + %ﬂ) ~12Gsin (0 + %ﬂ) -1

then the traditional zero state is fully utilized by the shoot-
through zero state, as shown in Fig. 3(b). This greatly re-
duces the switching times and increases system efficiency.

III. LOSS ANALYSIS

Loss of quasi-ZSI mainly comes from the three-phase inverter
bridge and the passive network. Loss of the inverter bridge
includes conduction loss P.on gt and switching loss Py, 1GBT
of the switches, conduction loss Peon_p para and turn-OFF loss
Py D para Of the antiparalleled diodes. Loss of the impedance
network can be divided into winding loss and core loss of the
inductors P, ., conduction loss P.on_p1, and reverse recovery
related loss P;_p1 of the diode. The capacitors of the impedance
network are generally of film type, and the loss P _, generated is
negligible because the equivalent series resistance is very small.
The calculation of power loss is similar to qZSI with traditional
modulation techniques. Due to the paper length, the detailed
calculation process is neglected, and the calculated power losses
of each device are shown in Fig. 5, based on the same operating
conditions and parameters as shown in Section IV.

By using the TVST PWM, the shoot through duty cycle at the
nonpeak areas can be reduced, and the conduction loss during
the shoot through zero state can be saved. The switching loss
of the IGBTs, the turn-OFF loss of the antiparalleled diode, and
the reverse recovery loss of the diode in the impedance network
can all be reduced for qZSI with TVST PWM, because the
bus voltage at the nonpeak areas can be reduced, which is in
direct proportion to the three part of loss. In addition, by using
TVST PWM, the switching loss can be further reduced by the
reduction of the switching times. Take switch S, as an example,
the traditional zero state is totally used by the shoot-through zero
state within the domain of 7/3~27/3, so the switching times can

40
35
30
25
220
<15
10
ol T || B “
on_IGBT I _IGBT P on_D_para P _D_para on_DI r/ DI (‘7:
= SBPWM = TVST PWM
Fig. 5. Power loss of gZSI with SB PWM and TVST PWM.

be reduced by 1/3. The turn-OFF loss of the antiparalleled diode
can also reduced by the reduction of the switching times.

IV. EXPERIMENTAL VERIFICATION

A 1000-VA prototype of quasi-ZSI shown in Fig. 1 was built
to verify the performance of the proposed TVST PWM strategy.
The carrier frequency is 10 KHz. The inductance of L; and Ly
are both 3 mH. The capacitance of C; and C are both 2 uF.
The output three-phase LC filter is configured with inductance
of 8.5 mH and capacitance of 9.4 uF. MUR30120 is used as the
diode in the impedance network, and PS21A79 from Mitsubishi
is used as the inverter bridge. The input voltage is 240 V, and
the output phase voltage with amplitude of 156 V and frequency
of 50 Hz. The load applied on the output is 36.3 2. The experi-
mental results of the TVST PWM are shown in Fig. 6 with key
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Experimental results of TVST PWM. (a) Drive signals. (b) Bus voltage and input voltage. (c) Output three-phase voltage.
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operation waveforms. The drive signals waveform is shown in
Fig. 6(a) with TVST duty cycle. Fig. 6(b) shows that the dc-bus
voltage amplitude is also time-variant and the amplitude value at
the nonpeak areas is much lower than that of the constant shoot
through modulation strategies, which indicates higher conver-
sion efficiency. As can be seen from Fig. 6(c), although the
envelope of the dc-bus voltage fluctuates with ripples, the wave-
forms of the modulated three-phase output voltage are smooth
and sinusoidal, which indicates small distortion. This is because

Experimental results of SB PWM. (a) Drive signals. (b) Bus voltage and input voltage. (c) Output three-phase voltage.

the voltage gain of the proposed TVST PWM strategy can still
be guaranteed. The tested THD was 1.05%.

For comparison purpose, a prototype based on the SB mod-
ulation technique is tested with the same circuit configuration,
parameters, and test conditions. The Dy is a constant value
of 0.186, and M equals to 0.814. The experimental results are
shown in Fig. 7 with constant shoot-through duty cycle, con-
stant bus voltage amplitude. The bus voltage amplitude is 395 V.
Fig. 7(c) shows the output three-phase voltage amplitude with
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Fig. 9. Efficiency curve of the TVST PWM and the traditional SB PWM.

value of 156 V. The tested THD is 1.02%, measured by the
harmonic analyzer. Fig. 8 shows the waveforms of output phase
voltage v, and current ., and dc-bus voltage v4. when load
changes from full load to half load. The envelope of dc-bus
voltage and output phase voltage amplitude are stable when
load is changing.

Fig. 9 gives an efficiency comparison between the converter
with TVST PWM and with the traditional SB PWM. As can
be seen, the efficiency improvement is evident by using the
proposed TVST PWM strategy. The efficiency increase under
light load conditions is more evident than under heavy load
conditions. This is because the switching loss contributes more
to the total loss under light load conditions. The tested efficiency
of TVST PWM is 93.73% under full load of 1000 VA, 94.14%
under half load, and 93.46% under one quarter load of TVST
PWM, whereas the tested efficiency of traditional SB PWM is
92.44% under full load of 1000 VA, 92.87% under half load,
and 91.86% under one quarter load.

V. CONCLUSION

In this letter, a TVST modulation strategy for qZSI is pro-
posed. The proposed strategy can improve the traditional modu-
lation techniques with increased system efficiency. Theoretical
analysis and experimental results show that the use of the TVST
modulation strategy can effectively reduce the bus voltage am-
plitude at the nonpeak areas of the ac output voltage and the
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switching loss can be reduced. Because the voltage gain can
be guaranteed, waveform quality is not influenced. At the same
time, for the traditional zero states are fully used as the shoot-
through zero states, the switching times can also be reduced and
the system efficiency can be further increased.
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